Bacterial cell division is mediated by a protein complex known as the divisome. Many protein-24 protein interactions in the divisome have been characterized. In this report, we analyse the role 25 of the PASTA (Penicillin binding protein And Serine Threonine kinase Associated)-domains 26 of Bacillus subtilis PBP2B. PBP2B itself is essential and cannot be deleted, but removing the 27 PBP2B PASTA domains results in impaired cell division and a heat sensitive phenotype. This 28 resembles the deletion of divIB, a known interaction partner of PBP2B. Bacterial two hybrid 29 and co-immunoprecipitation analyses show that the interaction between PBP2B and DivIB is 30 weakened when the PBP2B PASTA domains are removed. Combined, our results show that 31 the PBP2B PASTA domains are required to stabilize the interaction between PBP2B and 32
Introduction 35
The synthesis of peptidoglycan during cell division is essential for the completion of division 36 and in fact considered one of the drivers for constriction itself (1, 2) . Cell division is mediated 37 by a complex of proteins collectively known as the divisome. In most bacteria, the divisome 38 contains two division specific peptidoglycan synthesis proteins, FtsW, a protein from the 39 SEDS-family with glycosyl transferase activity, and a division specific Class B Penicillin 40
Binding Protein (bPBP) with transpeptidase activity (3, 4) . In Bacillus subtilis, these proteins 41 are FtsW and PBP2B, which are both essential (5, 6) . Interestingly, recent work from our lab 42 and of Daniel and colleagues has shown that it is the presence of PBP2B that is essential, rather 43 than its transpeptidase activity, suggesting that the function of PBP2B is a scaffolding one (7, 44 8) . This was similar to a previous report on the Streptococcus pneumoniae homologue PBP2x, 45 of which the transpeptidase activity is also not essential (9). Both PBPs contain PASTA 46 domains at their C-terminus. PASTA -for Penicillin binding protein And Serine Threonine kinase Associated -domains are exclusively found in Gram-positive bacteria, in some high 48 molecular weight PBPs and in eukaryotic-like serine/threonine kinases (eSTKs) (10). These 49 domains, which contain 60-70 amino acids, have a characteristic secondary structure which 50 consists of three β strands and a α helix; the first and the second β strands are connected by a 51 loop, but the sequence of the domain is not well conserved. PASTA domains can be present as 52 a single or multiple copies in proteins. In PBP2x, loss of the PASTA domains abolishes the 53 binding of Bocillin-FL, a fluorescent penicillin derivative (11) and localization of PBP2x to 54 the division site (9), suggesting that PASTA domains mediate the interaction with 55 peptidoglycan. This was nicely illustrated recently by a series of crystal structures that revealed 56 that the PBP2x PASTA domains form an allosteric binding site for a pentapeptide stem in a 57 nascent peptidoglycan strand, which positions another peptide stem on the same strand in the 58 active site so that it can be cross-linked (12) . The allosteric binding site is formed at the 59 interface of the two PASTA domains and the transpeptidase domain and comprises the entire 60 first and part of the second PASTA domain. Binding of the terminal D-Ala-D-Ala of the 61 stempeptide at this side displaces a 'gatekeeper' Arginine residue on the transpeptidase 62 domain, which subsequently forms salt bridges with an Aspartate and a Glutamate residue on 63 the first PASTA domain which opens up the active site so that the donor stempeptide for 64 transpeptidation on the same glycan strand can bind (12) . The PASTA domains of B. subtilis 65 PBP2B lack all the residues required for this allosteric activation. 66
Not all PASTA-domain containing proteins bind peptidoglycan (13). Bioinformatics analyses 67 revealed a key difference between PASTA domains that bind peptidoglycan and PASTA 68 domains from proteins that don't -in a residue that determines the flexibility of the "putative 69 binding pocket", a conserved region localized at the end of the β strand. Binder PASTA 70 domains have an Arginine or a Glutamate residue at this position, while non-binders have a 71 Proline (13). An example of this is B. subtilis PrkC, which functions as a peptidoglycan 72 fragment sensor that induces spore germination (14), in which mutation of this Arginine 73 abolishes peptidoglycan binding (15). PBP2B has Prolines at both sites in its PASTA domains. 74
Thus, PBP2B does not have residues associated with peptidoglycan binding by its individual 75 PASTA domains nor with an allosteric site formed between the PASTA domain and the 76 transpeptidase domain. Combined with our previous observation that deletion of the PBP2B 77 PASTA domains does not affect localization or binding of Bocillin-FL (7) this suggests that 78 the PASTA domains of PBP2B have a different function than peptidoglycan binding. 79
Other reported functions for PASTA domains include protein localization and kinase activation 80 (16). In S. pneumoniae StkP, which contains 4 PASTA domains, the 4 th domain is critical for 81 localization through interaction with the peptidoglycan hydrolase LytB, whereas the first three 82 PASTA domains function as a ruler that positions the 4 th domain to control cell wall thickness 83 (17). 84
In this paper, we have further investigated the role of the PASTA domains of PBP2B and show 85 that these domains strengthen the interaction between PBP2B and the divisome protein DivIB. 86
This interaction becomes critical when cells are grown at higher temperatures. 87
88
Methods 89
Strains and media 90
Strains used in this study are listed in Table 1 . All Bacillus strains were grown in casein 91 hydrolysate (CH)-medium at 30°C unless other conditions are specified. When necessary 92 kanamycin (5 µg/ml) and spectinomycin (50 µg/ml) were added. To induce the expression of 93 genes under control of the Pspac and Pxyl promoters, either isopropyl β-D-1-94 thiogalactopyranoside (IPTG) (0.5 mM) or xylose (0.2% w/v) were added to the medium. 95
Construction of PBP2B chimeras 96
Chimeras (Figure S1) were constructed using restriction free cloning (18). Hybrid primers were 97 used to amplify prkC and spoVD regions coding for PASTA domains from chromosomal DNA 98 of B. subtilis. The hybrid primers were designed using http://www.rf-cloning.org/, primers 99 (Table S1 ) contain complementary sequences to prkC or spoVD and plasmids pDMA002 or 100 pDMA007. A first PCR was performed using the hybrid primers to create a mega-primer which 101 contains prkC or spoVD PASTA domains flanked by complementary sequences of pDMA002 102 or pDMA007. The mega-primers were used in a second PCR to replace the pbpB PASTA 103 domains from pDMA002 or pDMA007 with prkC or spoVD PASTA domains. DpnI was 104 added to the products obtained in the second PCR in order to degrade the original plasmid. 105
After digestion, the PCR products were used to transform E. coli DH5α cells. Resulting 106 plasmids ( Table 2) were sequenced and cloned into amyE locus of B. subtilis 3295. Integration 107 into the amyE locus was verified by growing the transformants on starch plates. 108
Growth curves 109
Strains were grown overnight in the presence of kanamycin (5 µg/ml) and spectinomycin (50 110 µg/ml) when necessary. IPTG was added to the medium to express wild-type pbpB and to 111 ensure the proper growth of all strains before performing the growth curves. The following 112 day, the strains were diluted to an OD600 0.05 and grown until early exponential phase. Next, 113 cells were washed CH-medium to remove the IPTG. Cells were diluted to an OD600 0.001 in 114 CH-medium containing 0.2% (w/v) xylose to express PBP2B, PBP2B-∆PASTA or PBP2B 115 chimeras. 200 µl of culture (in triplicate), of each condition to test, was loaded in a 96-well 116 plate. The cultures were grown at 30 or 48 °C, OD600 was measured every 10 minutes and 117 recorded using a Powerwave 340 (Biotek). 118
Microscopy 119
Cells were grown until exponential phase. Nile red (Sigma) (5µg/ml) and 4',6-diamidino-2-120 phenylindole (Sigma) (DAPI) (1 µg/ml) were used to stain membranes and DNA, respectively. XbaI and KpnI restriction sites (Table S1 ). Fragments were cloned into pKT25 and pUT18C 151
using XbaI and KpnI. The resulting plasmids were sequence verified and co-transformed into 152 E. coli BTH101. To test for protein interactions, the transformants were plated on LB agar 153 plates containing X-gal (40 µg/ml), IPTG (0.5 mM), kanamycin (50 µg/ml) and ampicillin (100 154 µg/ml). Plates were incubated at 30°C for 36 hrs and scored for blue color development. The 155 β-Galactosidase assay was performed as described (20) until OD600 ≈ 0.4. CoIPs were performed essentially as described (21). Cells were harvested, resuspended in buffer I (10 mM Tris-HCl, 150 mM NaCl, pH 7.4 with cOmplete™ ULTRA 172
Tablets Mini EDTA-free, EASYpack protease inhibitors (Sigma-Aldrich)) and disrupted via 173 sonication. Cell debris were removed by low-speed centrifugation and membranes were 174 isolated through ultracentrifugation (100,000 x g, 1 h, 4ºC) and solubilised with 1% (w/v) n-175 dodecyl-β-d-maltopyranoside (DDM; Anatrace) in buffer I by gentle shaking (4ºC, 30 min). 176
Solubilised material was recovered as the supernatant from a second ultracentrifugation step 177 (100,000 x g, 30 min, 4ºC). The protein concentration was determined with the DC™ 178 (detergent compatible) protein assay kit (Bio-Rad Laboratories) and 200 ng total membrane 179 proteins were incubated for 1 h at 4ºC with gentle shaking on a roller mix with either 25 µl 180 GFP-Trap® agarose beads (Chromotek) in a final volume of 100 µl 1% (w/v) DDM buffer I, 181
according to manufacturers' recommendations. Beads had been previously blocked by 1 h 182 incubation with 1% (w/v) BSA in the corresponding buffer. After incubation, the flow-through 183 fraction was collected (100 µl) using centrifugation (2,500 x g for 2 min) at 4ºC and beads were 184 washed twice and resuspended in 40 µl of 1xSDS-PAGE sample buffer. Low-binding tubes 185 (Thermo Fisher Scientific) were used during the whole process. The input, flow-through and 186 eluate fractions were analysed by SDS-PAGE and Western Blotting. Blots were developed 187 using anti-FLAG M2 mouse monoclonal (Sigma-Aldrich, 1:1000) or anti-GFP pAb rabbit 188 polyclonal (Chromotek, 1:1000) and appropriate Alkaline-phosphatase conjugated secondary 189 antibodies. Blots were developed with CDP-Star (Roche), chemiluminescence was detected 190 using a Fujifilm LAS4000 luminescence imager (GE Healthcare Life Science) and analysed 191 using Image J (rsb.info.nih.gov/ij/). 192
193

Results and Discussion 195
The absence of PBP2B PASTA domains results in a temperature sensitive phenotype. 196 In a previous study, we created a series of strains expressing PBP2B variants from which the 197 PASTA domains were removed and/or the active site Serine was mutated ( Figure S1 ). As pbpB 198 is an essential gene, we generated strains in which the expression of wild type pbpB is under 199 control of IPTG with an extra copy of the pbpB variant (with/without PASTA, with/without 200 gfp) inserted in the amyE locus under control of the Pxyl promoter. This strategy allows 201 cultivation of the strains while expressing wild type pbpB followed by depletion of PBP2B and 202 a switch to PBP2B variant production by the removal of IPTG and the addition of xylose, thus 203 ensuring that the observed phenotype is not a product of a suppressor mutation. Previously, we 204
showed that PBP2B-∆PASTA was able to complement PBP2B depletion under standard 205 conditions (CH-medium, 30°C), indicating that PASTA domains are not essential under 206 standard conditions (7). However, we noted that the cells were slightly elongated, which we 207 have now quantified. The strain producing PBP2B has an average length of 3.34 µm (n= 200 208 cells), while the strain producing PBP2B-∆PASTA has an average length of 4.85 µm (n= 200 209 cells), which is ~1.5 times longer ( Figure 1 , Table S2 ). In addition, there is more variation in 210 the length distribution of the PBP2B-∆PASTA producing strain as can be observed in the 211 boxplot. When the temperature was increased to 37°C, the average length of the PBP2B-212 ∆PASTA strain increased to 5.20 µm (n=200 cells), whereas the strain expressing PBP2B 213 (n=200 cells) was slightly shorter than at 30°C (Figure 1 , Table S2 ). We repeated this 214 experiment in a defined minimal medium (SM medium) (n=200 per strain) and noticed a 215 similar elongated phenotype for the strain expressing PBP2B-∆PASTA compared to the strain 216 expressing PBP2B ( Figure S2 ). At 37°C, cells grown on SM medium were overall shorter, but 217 again, the strain expressing PBP2B-∆PASTA displayed an elongated phenotype. 218
The increase in cell length is a characteristic phenotype indicative of a problem in cell division. 219
To discard the possibility that the delay in cell division was a consequence of problems with 220 chromosome segregation, DAPI was used to stain DNA. The PBP2B and PBP2B-∆PASTA 221 strains grown at 30°C and 37°C presented condensated nucleoids in all cells (Figure 1) , 222
indicating that chromosome segregation was not affected. Finally, strains expressing GFP-223 fusions to PBP2B and PBP2B-∆PASTA, grown at 30°C, were scored for the presence of the 224 GFP-PBP2B variant at the division site. GFP-PBP2B was present at the division site in 58.8% 225 (± 4.9%, n= 609) of the cells, whereas GFP-PBP2B-∆PASTA was present at the division site 226 in 38.8% (±1.0%, n= 606) of the cells, again indicating that cell division is delayed/impaired 227 when the PASTA domains are absent. 228
As we noticed that the elongation phenotype in CH-medium was more severe at 37°C than at 229 30°C, the temperature was increased to 48°C. Surprisingly, the PBP2B-∆PASTA strain did not 230 grow at 48°C (Figure 2A ). This result suggests that the PBP2B-∆PASTA strain is temperature 231 sensitive. We also noted that after prolonged incubation, the control depletion strain 3295, 232 started growing (Figure 2A ) -this also happened at lower temperatures and analysis of several 233 depletion strains revealed that this is due to appearance of suppressor mutations in the promoter 234 used to control pbpB (not shown). To get more insight into the effects of high temperature on 235 the phenotype, the strains were grown under normal conditions (30°C, CH-medium) to make 236 sure that the cells were growing healthy. Then, cultures were shifted to 48°C and pictures were 237 taken every 20 minutes. The strain expressing PBP2B showed no drastic changes in the 238 phenotype during the course of the experiment ( Figure 2B ). On the other hand, after 40 minutes 239 the PBP2B-∆PASTA strain started to display cells with decreased contrast, a characteristic of 240 dying cells ( Figure 2B ). After 1 hour at 48°C, we observed that the amount of dying cells in 241 the PBP2B-∆PASTA strain culture increased. These observations confirm that the deletion of 242 the PASTA domains from PBP2B confers a temperature sensitive phenotype. 243
The PASTA domains of PBP2B are specific 244 B. subtilis has two other proteins that contain PASTA domains, SpoVD and PrkC. SpoVD is a 245 PBP paralogous of PBP2B. It is crucial for spore cortex synthesis and contains a single PASTA 246 domain (22). PrkC is a eukaryotic-like serine/threonine kinase that is involved in processes like 247 germination and biofilm formation, WalR activation and that localizes to the septum (14, 23, 248 24) . In order to test if the PASTA domains of SpoVD and PrkC were able to replace the 249 function of the PASTA domains of PBP2B, the PBP2B PASTA domains were exchanged for 250 PASTA domains from SpoVD or PrkC ( Figure S1 ). Growth of the strains expressing the 251 chimera proteins was followed at 30°C in CH-medium ( Figure 3A) , and was found to be similar 252 to the background deletion strain. This indicates that the exchange of the PASTA domains did 253 not interfere with the essential function of PBP2B. The cells expressing the chimera proteins 254
were examined by microscopy which showed that the cells expressing the PBP2B-PASTASpoVD 255 chimera were similar sized to cells expressing PBP2B, whereas cells expressing the PBP2B-256
PASTAPrkC chimera were elongated, although not to the same extent as the PBP2B-∆PASTA 257 cells ( Figure 3C , E, Table S2 ). GFP-fusions to the chimera proteins showed that both chimeras 258 localize to division sites, as expected from the observation that the chimeras do not interfere 259 with the essential function of PBP2B ( Figure 3D ). Subsequently, these strains were grown at 260 48°C to see whether the chimeric proteins complemented the temperature sensitive phenotype. 261
Although both chimeric proteins did allow some growth at 48°C, the lag phase of the cells was 262 longer compared to the PBP2B strain and cells did not reach similar OD600 values ( Figure 3B) . 263
Again, the strain expressing the PBP2B-PASTAPrkC chimera was most affected. These results 264 indicate that the PASTA domains from other B. subtilis proteins can partially complement the 265 absence of the PBP2B PASTA domains. 266
The PBP2B PASTA domains strengthen the interaction with DivIB 267 A possible explanation for the temperature sensitive phenotype of the PBP2B-∆PASTA strain 268 is that the PBP2B-∆PASTA protein becomes more labile at increased temperatures. However, 269 an analysis of PBP2B and PBP2B-∆PASTA stability at 30°C and 48°C revealed that although 270 PBP2B is less stable at 48°C, both PBP2B and PBP2B-∆PASTA are degraded at similar rates 271 ( Figure S3 ). We noted that the temperature sensitivity of the PBP2B-∆PASTA strain was 272 similar to the phenotype of a divIB deletion strain (25) . DivIB (in other organisms FtsQ) is a 273 divisome protein that interacts with DivIC (in other organisms FtsB) and FtsL and that 274 regulates the turnover of FtsL and DivIC (26, 27) . This turnover is regulated by PBP2B and 275 the transpeptidase domain of PBP2B has been shown to interact with the C-terminus of DivIB 276 (27, 28) . We hypothesized that the absence of the PASTA domains from PBP2B might 277 influence the interaction with DivIB and/or other proteins. To test this, we performed a 278 bacterial two hybrid (BACTH) assay, in which we tested the ability of PBP2B and PBP2B-279 ∆PASTA to interact with DivIB, DivIC, FtsL, and itself. On plate, we confirmed the previous 280 result from Daniel and colleagues (27) that PBP2B interacts with DivIB and FtsL, but not with 281
DivIC and found no apparent difference between PBP2B and PBP2B-∆PASTA ( Figure 4A) . 282
Notably, we did not detect a PBP2B self-interaction. Also, we only found positive results when 283 the PBP2B variants were expressed from the pKT25 plasmid ( Figure S4 ) -this is probably due 284 to the difference in copy numbers between the two plasmids used in the assay and not 285 uncommon in BACTH screens of interactions between PBPs and other proteins (29). We also 286 analysed the interactions using a β-galactosidase assay ( Figure 4B ), which has the added 287 benefit of providing a quantitative result which can give a hint about the strength of the 288 interaction. It has to be noted that the 'strength' of an interaction does not scale 1:1 with β-289 galactosidase activity and thus that changes in activity are only indicative of a change in 290
interaction. The β-galactosidase assay confirmed the interactions of PBP2B with DivIB and 291
FtsL, but in the absence of the PASTA domains the activity resulting from the interaction with 292
DivIB was roughly halved whereas the activity resulting from the interaction with FtsL was 293 unchanged. This result suggests that the PASTA domains of PBP2B are not required for the 294 interaction with DivIB, but that they do increase the strength of the interaction. 295
To validate the results from the BACTH experiments, co-immunoprecipitation experiments 296 were performed. GFP-PBP2B and GFP-PBP2B-∆PASTA were produced in a B. subtilis strain 297 that produces a FLAG-tagged version of DivIB at the native locus under control of the wild 298 type promoter (GP2005, a kind gift from Jörg Stülke). DivIB-FLAG is functional as the 299 GP2005 strain is not thermosensitive (not shown). Anti-GFP nanobodies coupled to agarose 300 (GFP-trap) were used to immunoprecipitate GFP-PBP2B and GFP-PBPB2B-∆PASTA and the 301 immunoprecipitate was analysed by Western blot and detection using anti-FLAG and anti-GFP 302
antibodies. The amount of DivIB-FLAG immunoprecipitated from cells producing GFP-303
PBP2B appeared significantly higher than that from cells producing GFP-PBP2B-∆PASTA, 304
although the overall recovery in both cases was low ( Figure 4C ). This was confirmed by 305 quantification of the amount of immunoprecipitated DivIB-FLAG as a fraction of the total 306 input in the sample ( Figure 4D) . Combined, the BACTH and co-immunoprecipitation results 307 indicate that the PASTA domains of PBP2B strengthen the DivIB-PBP2B interaction. 308 309
Concluding remarks 310
In this paper we show that although the PASTA domains are not absolutely essential for the 311 scaffolding role of PBP2B, they do become essential at elevated temperatures. This phenotype 312 is similar to the phenotype described for a divIB deletion (25), suggesting the PASTA domains 313 are involved in the same pathway. We could show that the PASTA domains are involved in 314 the interaction between PBP2B and DivIB using both a BACTH and a coimmunoprecipitation 315 approach. Earlier, King and colleagues identified an interaction between the C-terminal part of 316
DivIB and the transpeptidase domain of PBP2B (28). In the modelled structure of PBP2B the 317 transpeptidase domain and the DivIB C-terminus are at similar distance from the membrane, 318 but this is also the distance at which the PASTA domains can be found (28). It is possible that 319 the PASTA domains strengthen the interaction between DivIB and the transpeptidase domain, 320 but alternatively the PASTA domains interact with another region of DivIB. Our results show 321 that PASTA domains can have distinct functions in similar proteins -whereas the PASTA 322 domains in S. pneumoniae clearly function to allosterically activate the transpeptidase activity 323 of the protein (12) 
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We would like to thank Fabian Commichau and Jörg Stülke (Göttingen University) for the kind 334 gifts of the BACTH plasmids, and strain GP2005, respectively. We also thank Tal Shamia 335 (Chromotek GmbH) for advice on the use of GFP-trap beads. Figure 4 . The interaction between PBP2B and DivIB is diminished in the absence of the PASTA domains. A, B) BACTH assay. A) Interaction assay on plates containing X-Gal. PBP2B, PBP2B∆-PASTA, DivIB, DivIC and FtsL were cloned into plasmids pKT25 and pUT18C and co-transformed into E. coli BTH101. Co-transformants were grown on LB plates containing X-Gal and incubated at 30°C for 36 hrs. Blue colonies are considered indicative of protein-protein interaction. PBP2B and PBP2B ∆PASTA were used as bait in pKT25, while prey proteins were expressed in pUT18C. Positive control: transformants containing pKT25-zip and pUT18C-zip; negative control: transformants containing empty pKT25 and pUT18. Representative results from three independent experiments are shown. B) β-galactosidase assay. Interaction between PBP2B and PBP2B-∆PASTA cloned into pKT25 in combination with the late division protein cloned into pUT18C. The positive control showed an activity of 63278 Miller units and the negative control 66 (shown as dotted line). Note the different scales on the left and right y-axes and the discontinued x-axis. Representative results from three independent experiments are shown. All experiments were performed in triplicates. The resulting average and standard error are shown for each interaction. C, D) Co-immunoprecipitation assay. C) Western blot of a co-Immunoprecipitation experiment. Solubilised membranes from strains producing DivIB-FLAG and GFP-PBP2B (4174) or GFP-PBP2B-∆PASTA were immunoprecipitated using GFP-Trap agarose beads. Input (In), flow-through (FT) and eluted (coIP) material was analysed by SDS-PAGE/Western Blot and the blot was simultaneously developed using anti-FLAG and anti-GFP antibodies. D) Quantification of the fraction of DivIB-FLAG co-immunoprecipitated with either GFP-PBP2B or GFP-PBP2B-∆PASTA, expressed as the ratio of the signal of DivIB-FLAG in the coIP fraction to the signal of DivIB-FLAG in the input sample. Bar shows the mean of 4 independent experiments with standard deviations.
